Semi-solid die casting of relatively high solid-fraction aluminum alloys (0.5e0.7 fraction solid) can be used for the production of high quality industrial components. However, surface blistering during solution heat treatment can still be a problem and is associated with the entrapment of gas whether from air or from burned lubricant. Here the mechanism for formation of blisters is presented. The Reynolds number in the surface layer of the semi-solid flow is then analysed to obtain the relationships with hydraulic diameter and flow velocity for different slurry temperatures. The hypothesis is that it is some flow instability at the flow front, even where the overall nature of the flow is essentially laminar, which is leading to the entrapment. The crucial finding is that if the Reynolds number is plotted against temperature there is a decrease followed by an increase. The position of this minimum is dependent on the ratio of fill velocity to the hydraulic diameter, v/D. Thus there is a 'sweet spot' in terms of temperature (i.e. fraction liquid), flow velocity and hydraulic diameter (i.e. die design) where the flow front has the maximum stability, giving maximum resistance to blister formation. This is in contrast with conventional wisdom which would suggest that low fractions liquid would give the most stable flow front. A rationale for this is presented in terms of the particle crowding at the relatively low fraction of liquid.
Introduction
Components produced by conventional high pressure die casting (HPDC) are typically not heat treated due to the presence of casting defects such as entrapped air and lubricants that cause surface blistering during solution heat treatment [1] . The gases and lubricants are entrapped beneath the surface of the castings due to the non-planar and turbulent flow conditions during cavity filling, as illustrated by Fig. 1a . Several high integrity die casting processes, e.g. high-vacuum die casting, squeeze casting and semi-solid die casting, have been developed to overcome this entrapment problem [2] .
Semi-solid die casting is a semi-solid processing (SSP) technique that is gaining increasing industrial application, especially in Asia with light alloys such as aluminium and magnesium [3] . Unlike other casting processes, it does not utilize a fully liquid feed material, but instead uses a material that is partially solid and partially liquid (as reviewed in Ref. [4] ). The slurry is injected into a reusable steel die, and once the cavity is fully filled, an intensification pressure is applied as the slurry solidifies, to feed solidification shrinkage. The flow regimes for semi-solid alloys with relatively low solid fractions have been characterized by Janudom et al. [5] based on the ratio of gate speed to initial solid fraction (v g /f s ). With higher solid fractions (0.5<f s < 0.7) the high viscosity feed material exhibits laminar flow with a smooth flow front if the process parameters are carefully controlled (Fig. 1b) . Therefore, semi-solid die castings typically contain significantly lower levels of entrapped gases and lubricants when compared with conventional HPDC components, allowing them to be heat treated to optimize mechanical properties.
In practice, however, blistering can still be an issue for the commercial production of semi-solid die castings when the process has not been fully optimised [6] . Fig. 1c illustrates the semi-solid flow where there is less flow front stability compared with the flow in Fig. 1b . As a result, some air and lubricants are likely to be entrapped, especially at the locations near the wall. To avoid blistering, commercial aluminium semi-solid castings are often processed using only artificial aging procedures, i.e. T5 heat treatment [7] , rather than the full solution plus aging treatment, i.e. T6 heat treatment [8] . By settling for the T5 procedure, however, one of the major advantages of semi-solid casting processes, namely the ability to generate significantly improved mechanical properties, is not realized. Therefore, it is highly desirable to understand the mechanisms in semi-solid castings, to minimize (or eliminate) blistering during the commercial production of semi-solid castings, thereby broadening the commercial appeal of these types of castings. It should be emphasised that surface blisters occur because of the expansion of gases at high temperature during the solution heat treatment. This process is thought to be the same in both semi-solid and conventional die casting processes, but it is the mechanism of gas entrapment during the die filling process which is significantly different. The level of blistering is determined by the volume and location of the entrapment.
In the present study, the nature of blistering will be examined, the mechanisms of blistering formation during heat treatment will be theoretically analysed, and then factors affecting formation of the blistering will be discussed in term of a 'modified' "Reynolds Number". (The term 'modified' is used here to emphasise that it is the shear rate dependent viscosity which has been used in the formula rather than a constant one). Experimental validation of this theoretical analyses will also be presented, using aluminium alloy 319s as an exemplar. It should be noted that semi-solid die casting practice should ensure that hydrogen contamination is avoided and so it is the entrapment of air/lubricants which is the focus here. The core aim of the paper is assisting with the avoidance of blistering in commercial practice through improved understanding of the control of process parameters.
Mechanism of blistering formation
2.1. Nature of blistering in semi-solid die casting Fig. 2 shows the typical morphology of blisters in a semi-solid casting of 319s alloy. The metal close to the casting surface is plastically deformed by expanding gasses entrapped under the surface of the casting. For the current study, based on the observed locations of gas entrapment that may induce blistering defects, a surface layer with a thickness of one sixth of the hydraulic diameter of the filling channel (D/6) is defined (see Fig. 3a ). The entrapped gasses can originate from burned die lubricant or from air entrapped during the die filling process and are compressed during pressure intensification. When the casting is later soaked at a high temperature during solution heat treatment, the pressurized gas pockets expand and deform the surface of the casting to form blisters.
Heating or cooling of the casting will change the pressure inside the trapped gas pocket, and the following equation can be used to predict the influence of a change in temperature upon the gas pressure:
where V is the volume of the entrapped gas, T is the absolute temperature, P is the pressure inside the gas pocket, and the subscripts represent different states. Fig. 3 illustrates the detailed mechanism of blistering in terms of three separate stages: Stage 1: Gas entrapment occurs during die filling if the cavity filling process is not adequately controlled (i.e. the flow front is predominantly planar and laminar but with some instability at the semi-solid/gas interface as in Fig. 1c ). As illustrated in Fig. 3a , it is possible for the air to be entrapped into the surface layer and then form a gas B (marked in Fig. 3b ). The volume of the entrapped gas B is V 1 and the pressure inside the pocket is P 1 at this stage.
Stage 2: After the cavity is completely filled, the intensification pressure P 2 is applied to the solidifying metal to feed solidification shrinkage. As the runner and gating structure is a closed system, the intensification pressure P 2 is transferred to every location within the slurry. According to Eq. (1), therefore, the inside pressure of entrapped gas B will rapidly increase from P 1 to P 2 as the volume decreases from V 1 to V 2 . However, blistering does not occur at this stage, as the surface of the casting is supported by the mould wall (i.e. F mould in Fig. 3b ). Stage 3: As the casting solidifies and cools down to room temperature, the volume of the entrapment B stays constant, if the minor contraction as the casting cools is ignored, while the pressure P 2 decreases dramatically to P 2 0 . When the casting is then reheated to a temperature T 3 during solution heat treatment (about 10e20 K below the solidus temperature of the alloy), the pressure will rise from P 2 0 to P 3 . Ignoring the pressure from air which is significantly lower than P 3 , the blister forms only when the force from the inside pressure P 3 exceeds the critical resistance force of the alloy, F alloy . The value of F alloy , of course, is not constant, but will decrease with increasing temperature as the alloy has lower strength at higher temperatures, and with decreasing depth of the entrapment location below the casting's surface. The blister will eventually stop growing when the force from the decreased pressure P 3 0 (see Fig. 3c ) is equal to F alloy .
Mechanics of blistering
It should be noted that the presence of entrapped gas may not always result in the formation of a blister, as illustrated by entrapment A in Fig. 3 . According to the mechanism of blistering presented here, there are several critical factors that control whether or not a blister will form, including the initial dimensions and location of the gas pocket, the magnitude of the intensification pressure, and the heat treatment temperature. To demonstrate the relationship between the possibility of blistering and the factors described above, a simple calculation can be performed to analyse the stress distribution in a layer between the blister and the surface of the casting under uniform pressure. As the entrapped gas has been compressed under high pressure intensification, it will be treated as an ellipsoid, having a much shorter radius in the y direction compared with dimensions in the other two directions (i.e. a ! c [ b in Fig. 4) . As a result, the surface layer above the entrapped gas can be approximately assumed to be a flat plate in the xz plane. Under a uniformly distributed pressure p over the entire surface, the stresses on the constant thickness plate with fixed boundary are solved using different theories depending on the plate thickness.
When the plate thickness t c/4, the KirchhoffeLove theory for thin plates [9] is adopted. The stress concentrations at the edge of the plate are then [10] :
at the edge of span c :
at the edge of span a :
where s is the stress, and the subscripts represent different directions, p is the loading pressure, and a equals c/a (0 < a 1). The maximum deflection occurs at the centre of the plate: 
where m and E are the Poisson's ratio and Young's modulus of the material, respectively.
From formula (2), the thicker the plate, the higher the pressure that is needed for plastic deformation. Also, s max decreases with increasing a and reaches its minimum when a equals 1, indicating a circular plate. Combining Eq. (1) and Eq. (2), the variation in s max with heat treatment temperature T 2 is given by: 
where the subscript 1 repensents the state before heat treatment, and subscript 2 repensents the state during heat treatment. At a given material thickness t, and pocket dimensions a and c, Eq. (5) shows that s max linearly increases with increasing heat treatment temperature before any deformation occurs (i.e. V 1 ¼ V 2 ). The plate will be plastically deformed and form the surface blister once the stress exceeds the yield strength of the material at the critical temperature indicated in Fig. 5 . Once the plastic deformation occurs, s max changes non-linearly as the gas volume increases (i.e.
When t ! c/4, the plate in Fig. 4 can be analysed by MindlineReissner theory for thick plates [11] , where shear deformations are considered, and rotation and lateral deflections are decoupled. Due to the various governing equations for the thick plate model, this classical problem is always solved by means of FEM modelling. For the thick plate, Toda et al. [1] and Maslovskaja et al. [12] have analysed the problem in detail and this will not be discussed further in this paper.
The industrial alloy 319s (Al-5.8%Si-3.0%Cu-0.36%Mg-0.2%Ti, all refer to wt%) will be used here as an exemplar. This alloy was specially developed from the low-cost foundry alloy 319 to have improved semi-solid formability and mechanical properties [6, 13] . The semi-solid slurry of 319s is typically produced at 853 K for the die filling process. The temperature of the surface layer is about 850 K [14] before an intensification pressure of 100 MPa is applied to the casting. During subsequent solution heat treatment, the casting is held at 773 K for about 6 hrs. Based on the combined gas law shown in Eq. (1), if no plastic deformation occurs, the gas pressure P 3 at the solution heat treatment temperature will be about 91 MPa. The likelihood of blistering occurring will then be determined by the depth and dimensions of the entrapped gas pocket. According to Eq. (2), the maximum stress is equal or greater than 12P 3 (1092 MPa) if the depth of the gas pocket from the surface is less than one-quarter of the minimum transverse dimension, which is much higher than the yield strength of 319s alloy (350 MPa at room temperature [15] ). Therefore, blistering will occur under this condition.
Factors affecting gas entrapment in the surface layer
Although there are several factors which influence blistering, the most effective approach for avoiding blistering is to minimize the entrapment of gasses during the die filling process, rather than controlling the pressure intensification or heat treatment. Therefore, it is important to understand how the process parameters affect the entrapment during the filling process. Here the flow behaviour of the surface layer will be characterized to examine the stability of flow at different process conditions. The most commonly-applied dimensionless number to determine the internal flow state, especially in runner and gating systems, is the Reynolds number Re [16] :
where r is the density of alloy, D is the hydraulic diameter of the conduit, v is the flow velocity, n is an exponent determined by rheological properties of flow and h is the viscosity. According to studies on the rheology of semi-solid alloys [17, 18] , the solid-liquid slurry is typically a shear-thinning fluid and the viscosity h can be represented by a power law of the form [18] :
where k is the consistency factor, n is the flow exponent as in Eq. (6), and _ g is shear rate. (Note that this equation is in some cases a simplification). For normal shear-thinning fluids, the value of n is between zero and unity. However, in previous studies measuring n in semi-solid alloy systems e.g. Refs.
[19e21], both positive and negative values of n have been obtained. Negative values for n are considered to be related to anomalous rheological behaviour of semi-solid alloys that has not been reported in any other fluid system. McLelland et al. [22] suggested that the negative value of n may be a feature of the rapid breakdown of the internal structure of solid particle clusters which occurs at low shear rates. Eq. (7) only applies in a certain temperature range in which the viscosity change follows a power-law relationship due to structural disagglomeration under shear stress. When the temperature, i.e. the equivalent liquid fraction, is greater than the upper limit of this range, the flow behaves as a Newtonian liquid even in the semisolid state because no dis-agglomeration of particle clusters occurs at low solid fractions. Assuming a fully developed laminar flow in a circular conduit, the shear rate is given by Ref. [16] :
where r is the radial distance from the centreline of the conduit (see Fig. 3a) , and the hydraulic diameter D is equal to the diameter for pipe flow. The average shear rate of the surface layer, _ g surf , obtained
by integrating throughout the annular cross-section from r ¼ D/3 to r ¼ D/2, is given by:
Combining Eqs. (6), (7) and (9) leads to 
where Re surf is the average Reynolds number of the defined surface layer (D/6). As can be seen in Eq. (10), the average Reynolds number of the surface layer is related to the flow velocity, the dimensions of the cavity and the temperature-dependent rheological parameters. Isothermal semi-solid compression tests were carried out to investigate rheological properties of the 319s alloy according to the methodology in Refs. [21, 23] . All the tests were conducted using a high frequency fatigue tester (MTS Landmark 370) equipped with a model 653 high-temperature furnace. This machine provides highspeed closed-loop control and data acquisition. The samples (F12 Â 12 mm) were heated from room temperature to a temperature of 843 K, 848 K or 853 K in about 8 min and then compressed immediately at a constant ram speed of 0.1 m/s. Fig. 6 shows the evolved microstructures before rapid compression. All the samples for microstructural examination were water-quenched after being heated to the desired temperatures. Fig. 6d shows the liquid fraction at different temperatures, and the liquid fraction of a slug for practical thixocasting heated to 853K by induction heating is also presented for comparison. This shows that the remelting route in this experiment is close to practical thixocasting and therefore practical casting can be used to verify the theory based on compression test data. Note that the liquid fraction here is the effective liquid around a-aluminium particles excluding any liquid entrapped in the body of the a-aluminium particle.
Assuming a Newtonian fluid and a constant volume of specimen during compression, the apparent viscosities and corresponding shear rates were calculated from the measured load-displacement curves (Fig. 7a) at different temperatures by applying the following analytical formulae [23] , with the compression carried out at a constant ram speed. (12) where H and R are the instantaneous height and radius of the specimen respectively, V is the volume of the specimen, F is the measured force and v ram is the constant ram speed. Fig. 7b shows the calculated viscosities have a linear relationship with shear rate on a log-log scale. On the basis of the power law viscosity model in Eq. (7), the values of the flow parameters n-1 and k were derived by linear fitting analysis. As discussed above, the value of n-1 approaches zero with decreasing solid fraction to lower than a critical value. In the previous work by Figueredo et al. [24] , the semi-solid slurry (A357 alloy) was observed to behave as a Newtonian fluid (n ¼ 1) once the liquid fraction reached about 0.85. Fig. 8 shows that the parameters obtained in this study (and that from Figueredo et al. [24] ) further fitted as functions of the absolute temperature following the sigmoidal function in software package Origin 2015 (Non-commercial version). Employing Eq. (10) and considering industrial semi-solid casting practices, the average Reynolds numbers at the defined surface layer (assumed to be D/6 thick) were determined and plotted in Fig. 9a and b illustrate that the Reynolds number increases with an increase in the flow velocity, whereas there are differing correlations with increasing hydraulic diameter. When the temperature is lower than 853K (marked in Fig. 9d) , the Reynolds number decreases with increase of hydraulic diameter. However, the Reynolds number increases with increase of diameter if the temperature is higher than 853K. Fig. 9c shows the calculated Re based on the temperature-dependent flow parameters shown in Fig. 8 and on the basis of predicted Newtonian viscosities. The curves shown in Fig. 9c lead to the counter-intuitive result that Re initially decreases with increase of temperature, followed by a rise, indicating a minimum value at about 858 K, and is then relatively constant once the temperature is greater than the liquidus temperature. In general, higher Re indicates more unsteady flow during the die filling process and hence a greater probability of the entrapment of the lubricant or air into the surface layer of the casting. Thus, there is a critical value of Re below which the flow is steady enough to avoid gas entrapment. As illustrated in Fig. 9c , the temperature window from T 3 to T 4 is the optimal filling process window in which the filling can be best controlled to minimize entrapment. However, practical experience with semi-solid casting suggests the window for slurry preparation is 0.3 < f l < 0.5 [25] , e.g. for 319s alloy, the slurry is normally prepared at a temperature range from T 1 to T 2, where 0.3 <f l < 0.5, to ensure a suitable slurry consistency. Therefore, as indicated in Fig. 9c , there must be a process window (from T 3 to T 2 ) for semi-solid die casting for both optimum solid fraction and controlled filling process. It can be seen from Fig. 9d that increasing the value of v/D, i.e. increasing the shear rate according to Eq. (8), will increase the sensitivity of Reynolds number to temperature. At a constant filling velocity and a certain critical Re, enlarging the sectional diameter of the casting (i.e. a lower value of v/D) will increase the process window, implying that castings with thicker walls are less likely to entrap gas. Note that, as shown in Fig. 9a , the highest Reynolds number in the temperature window of interest is less than 2300, which is generally considered as the critical value for the flow state transition from laminar to mixed flow [26] . A relatively high Reynolds number also indicates greater instability even when the flow remains essentially laminar. As a result, the air or die lubricant near the wall will be more easily entrapped inside the surface layer the higher the Re of the surface layer. It is concluded that increasing the flow velocity and decreasing the flow diameter will increase the probability of entrapment of gas and hence of the surface blistering. Fig. 10 shows a schematic drawing of the semi-solid flow state in terms of the spheroidal particles as the liquid fraction increasing. For a relatively low fraction liquid from~0.3 to~0.4, as shown in Fig. 10a , the particles are quite closely packed and tend to collide and rotate (marked by bidirectional arrows) The liquid flows from high static pressure zone to lower one (marked by dotted arrows), leading to a relatively unsteady interfacial flow state. At medium liquid fraction from~0.4 to~0.5 (Fig. 10b) , the liquid fills the channels between the particles uniformly and the two phases interact synergistically, resulting in a steady flow state. As the liquid fraction continues to increase (>0.5), the liquid phase begins to dominate the flow behaviour, as indicated by solid arrows in Fig. 10c and the interface between the semi-solid flow front and the gas will start to exhibit some instability. This provides a rationale for the counter-intuitive nature of Fig. 9c with the curve of Reynolds number versus temperature initially decreasing and then increasing.
Experimental validation of the theory
Practical thixocasting was carried out to verify the effects of process parameters on surface blistering. Fig. 11 shows an illustration of the injection and gating systems. Here the castings for blister examination were produced using a step die, containing five separate sections of different thickness. A 340-ton Buhler horizontal cold chamber die casting machine with a large-diameter shot cylinder specially modified for semi-solid casting was utilized. Slugs 89 mm in diameter and 178 mm tall were cut from the pre-cast semi-solid feed material and reheated to 853K and 863K using a 10-coil carousel-style induction heater. The die was heated and held at about 523 K. Different intensification pressures and filling velocities were also adopted. After production of components with the various process parameters, the castings were solution treated at 773 K for 2 hrs and then water quenched. As shown in Fig. 2 , blisters of different sizes were generated during solution treatment. To quantify the level of blistering, the size of the largest blister in each of the five separate parts (i.e. Part 1 to Part 5) was measured and scored using the method presented in Table 1 . The five scores for each casting were averaged, providing an overall score for each processing condition. In addition, as there was some variation in the level of observed blistering even for a series of castings produced under the same conditions, the results discussed in this study are the average values for at least 8 castings produced under the same process parameters.
The average blistering scores for castings produced under the various process conditions are listed in Table 2 . Note that the results obtained in simulations show that the actual temperatures of the semi-solid slurry when filling the cavity are about 3e6 K lower than the slug temperatures recorded in Table 2 , arising from heat loss to the runner and gating system during filling the die. The data in Table 2 show that increasing intensification pressure and flow velocity lead to an increase in the level of blistering in the semi-solid die castings. Most importantly for the analysis presented in Section 3 of this paper, the data in Table 2 confirm that a lower level of blistering was also observed with a higher slurry temperature. This disagrees with conventional wisdom, which suggests that a lower temperature slurry should have less entrapped gas, due to the higher viscosity of the slurry. However, these results agree well with the analysis presented in Section 3, which suggests that the Reynolds number of the slurry is actually lower at 863 K than that at 853 K, and it would expected that more gas would be entrapped at the lower temperature.
The blistering scores of actual industrial parts with different thickness (parts 1e3 shown in Fig. 11 ) have been further examined and the results are given in Table 3 . It can be seen that the blistering scores increase with increase of the values of v/D, i.e. decrease of the part thickness, for slugs prepared at 853 K. However, no significant difference in the blistering scores was observed when the slug temperature was 863 K. According to Fig. 9d , increasing values of v/ D promotes the instability of the slurry and hence a still higher blistering score is expected when the filling temperature is less than 853 K. Assuming the slurry filling temperature is about 860 K Fig. 11 . Illustration of the injection system and gating system of semi-solid die casting using a step die. for a slug temperature of 863 K, Fig. 9d suggests that the Reynolds numbers are much lower than the critical Re for blistering resulting in acceptable blistering levels in spite of the different part thickness.
Summary and conclusions
Blister formation is associated with the entrapment of gas whether from air in the die or from burned lubricant. In semi-solid casting the flow in the die is essentially laminar (in contrast with high pressure die casting). Here firstly the mechanics of formation of the blister has been presented (with the gas pressure in the entrapped pocket rising during heat treatment to a point where the yield stress of the overlying cap of material is exceeded and the blister forms). The Reynolds number in the surface layer of the flow is then analysed to obtain the relationships with hydraulic diameter and flow velocity for different slurry temperatures (and hence fraction liquid). The hypothesis is that it is some flow instability at the flow front, even where the overall nature of the flow is essentially laminar, which is leading to the entrapment of the gas. This is occurring primarily at the layer which is in contact with the die but may occur elsewhere. The crucial finding is that if the Reynolds number is plotted against temperature there is a decrease followed by an increase (Fig. 9c) . The position of this minimum is dependent on the ratio of fill velocity to the hydraulic diameter v/D (Fig. 9d) . Thus there is a 'sweet spot' in terms of temperature (i.e fraction liquid) where the flow front has the maximum stability (hence giving maximum resistance to blister formation). This is in contrast with conventional wisdom which would suggest that low fractions liquid (within the processing range of 0.3 fraction liquid to 0.5 fraction liquid) would give the most stable flow front. A rationale for this is presented in terms of the particle crowding at the relatively low fraction of liquid.
Experimental results for blistering with aluminium alloy 319s as an exemplar and a die which has varying cross sectional dimensions (and hence hydraulic diameters D) are presented and validate the hypothesis.
